In South Africa more than 80% of estuaries are small, dynamic and predominantly linear systems. Nutrient characteristics in these systems are mostly influenced by external catchment processes, except during extended periods of closure. However, a small percentage of the country's estuaries (< 3%) comprise larger estuarine lakes mostly evolved from drowned river valleys. The physical properties of these systems suggest relatively low flushing rates, and the potentially stronger influence of in-situ processes on nutrient characteristics. This study investigates dissolved inorganic nutrient dynamics in the littoral zones of these estuarine lake systems, and potential influencing factors, using the Wilderness Lake System as a case study.
INTRODUCTION
Nutrient characteristics in lakes and estuaries are influenced by numerous factors, both externally and internally. Key external factors derive from the catchment (e.g. surface and sub-surface flow) and the sea (e.g. tidal intrusion), where the influence is mainly determined by the proportional volume contribution from the sources, and mixing processes (Nixon et al., 1996) . Key activities influencing dissolved inorganic nutrient input from catchments include wastewater discharges (point sources), as well as urban runoff and agricultural return flow (non-point sources) (Fraterrigo and Downing, 2008; Poe et al., 2003) . Over-fertilization is often a key contributor from agricultural areas, especially nitrate (NO 3 -N) and phosphate (PO 4 -P) (Casalí et al., 2008; Pearce and Schumann, 2001) . The rate of nutrient loading into receiving water bodies (e.g. lakes and estuaries) also depends on a catchment's transport capacity, i.e., primarily defined by the compositing physical effect of hydrology, geology and topography (García-Garizábal and Causapé, 2006; Fraterrigo and Downing, 2008) . For example, nutrient characteristics in water bodies fed by high transport capacity catchments are most influenced by catchment (or external) processes (Fraterrigo and Downing, 2008) , while nutrient characteristics in water bodies fed by low transport capacity catchments tend to be more strongly influenced by internal (or in-situ) sources. Irrigation practices also affect a watershed's transport capacity by reducing or changing the hydrological patterns (García-Garizábal and Causapé, 2006) . Important in-situ sources influencing dissolved inorganic nutrient characteristics in estuaries include biological processes (e.g. primary production) and bacteriological processes (e.g. remineralisation and denitrification) (Dagg et al., 2004; Eyre, 1994; Eyre and Balls, 1999; Roy et al., 2001) , where flushing rate affects the proportional influence of such processes. For example, in rapidly flushed systems nutrient characteristics are primarily a function of the concentrations in, and proportional mixing of, inflow from the external sources (e.g. Balls, 1994; Eyre, 2000) . However, in systems with low flushing rates, in-situ processes such as biological uptake and bacteriological remineralisation tend to play a more significant role (Church, 1986; Lillebø et al., 2005; Poe et al., 2003) . Essington and Carpenter (2000) demonstrated this in their comparative study on the effect of hydrologic flushing on nutrient cycling, contrasting smaller streams (i.e. relatively high flushing rates) with lakes (i.e. relatively low flushing rates). Emergent (e.g. Phragmites australis) and submerged (e.g. Potamogeton) aquatic vegetation can also contribute significantly to in-situ processes by taking up dissolved inorganic nutrients, but also producing large stocks of organic matter fuelling remineralisation (e.g. Gessner, 2000; Howard-Williams and Allanson, 1981) . This is especially relevant in the shallow, littoral zones of lake systems (e.g. Wilderness) because these zones often support dense beds of emergent and submerged aquatic vegetation (e.g. HowardWilliams, 1980) . Also relevant in terms of in-situ sources are large bird populations, especially where they aggregate in large numbers (e.g. during communal roosting, over-wintering, flocking and colonial breeding), contributing to dissolved 66 inorganic nutrient and organic matter loading (e.g. through excretion) (e.g. Hahn et al., 2007; Hahn et al., 2008) . Important anthropogenic factors that can be viewed as in-situ sources are those situated in the floodplains of water bodies such as septic tank systems from low-lying developments (e.g. Chen, 1988; Fraterrigo and Downing, 2008) .
The smaller, dynamic and more linear nature of over 80% of South Africa's estuaries, situated in temperate and subtropical southern hemisphere climates (Whitfield, 1992; Van Niekerk et al., 2013) , causes them to have relatively high flushing rates (or weaker retention efficiency) compared with, for example, the larger estuarine systems of the temperate northern hemisphere (e.g. North America and Western Europe) (Eyre, 2000) . As a result, the nutrient characteristics of these highly dynamic systems are mostly influenced by external catchment-and tidal-scale processes, rather than in-situ processes, except during periods of extended closure (Taljaard et al., 2009; Fraterrigo and Downing, 2008) . However, a small percentage of South Africa's estuaries (< 3%) comprise larger estuarine lakes mostly evolving from drowned river valleys (Hill, 1975; Whitfield, 1992) . These large basin-like systems are characterised by relatively low river inflow in comparison with their volumes, and include the Wilderness, Swartvlei, St Lucia and Kosi systems (Allanson and Howard-Williams, 1984; Whitfield, 1992; Allanson, 2001) . They can also close off from the sea for varying periods, but even when they are connected to the sea, tidal exchange is limited due to narrow linking channels (Whitfield, 1992) . Thus, the physical properties of these systems suggest relatively low flushing rates, and the potentially stronger influence of in-situ processes on nutrient characteristics (Church, 1986; Lillebø et al., 2005; Fraterrigo and Downing, 2008) .
Studies conducted on lake systems elsewhere in the world have indicated high variability in the dominant dissolved inorganic nitrogen form in these types of systems, largely depending on the dominant source of nutrient input. For example, NO 3 -N was found to be the common form of dissolved inorganic nitrogen entering lakes from adjacent (external) drainage basins. On entering the lake, the NO 3 -N is taken up by autotrophs and bacteria, and transformed into organic matter. Thus, when flushing rates decrease NH 4 -N (i.e. mostly generated through in-situ processes such as remineralisation of organic matter) tended to accumulate in respect to NO 3 -N (Quiros, 2003) . Experiments conducted in the littoral zones of Canadian lake systems showed bacterial remineralisation of organic matter deposited on the surface sediment was the major in-situ source of dissolved inorganic N (NH 4 -N) (Levine and Schindler, 1992) . However, in these lakes this process was not a major in-situ source for PO 4 -P, possibly indicating stronger retention of P in the sediment through, for example, adsorption, immobilization by sediment microbes, or incorporation into minerals. Thus, remineralisation provided a disproportionally higher source of in-situ dissolved inorganic N (NH 4 -N) compared with dissolved inorganic P (PO 4 -P). Studies conducted in reservoirs (also representative of water bodies with low flushing rates), in turn, suggested that increases in NH 4 -N concentrations (causing a decrease in NO 3 :NH 4 ratios), stimulate cyanobacteria in these systems, having the metabolic ability to produce microcystins (Harris et al., 2016) .
Detailed studies on the nutrient dynamics in estuarine lake systems in South Africa are limited. Earlier studies conducted on the phosphorus (P) dynamics in Swartvlei found that exchange of soluble P between Potamogeton beds in the littoral zone and the open waters was low (Howard-Williams and Allanson, 1981) . This slow exchange was considered an important physical factor contributing to the 'closed' cycling of P in the Potamogeton beds (Howard-Williams and Allanson, 1981) . A study on the Wilderness Lake systems investigated the effect of a drought and subsequent flood event on selected physico-chemical properties (e.g. salinity, dissolved oxygen, nitrate and phosphate) (Allanson and Whitfield, 1984) . Most recently, Russell (1999; 2013) studied the spatio-temporal variability in salinity, temperature, pH, dissolved oxygen and turbidity in this system, but did not include nutrient dynamics.
The research presented in this paper, therefore aims to build on earlier research on the nutrient dynamics of estuarine lake systems, specifically focusing on the littoral zones of the three individual lakes (namely Eilandvlei, Langvlei and Rondevlei) that form part of the Wilderness Estuarine Lake System in South Africa. Available long-term data sets are used to characterise inter-annual and seasonal patterns in dissolved inorganic nutrient (N and P) concentrations, and to compare patterns across the three lakes. Finally, the major influencing factors on dissolved inorganic nutrient patterns -external catchment sources versus internal or in-situ processes -are explored, drawing on international learning from similar lake-type systems.
METHODS

Study area
Situated along South Africa's south coast is a series of estuarine lake systems of Pleistocene origin, connected to the sea via sinuous estuaries (Allanson and Howard-Williams, 1984) . One of these is the Wilderness Lake System (33°50′ to 34°30′S; 22°33′ to 22°50′E), comprising three interconnected lakes (namely Eilandvlei, Langvlei and Rondevlei) that are joined to an estuary (the Touw Estuary) via a long, narrow channel (the Serpentine Channel) (Fig. 1) .
Mean annual precipitation in the region ranges between 900 and 1 000 mm with no identifiable seasonal variation (Russell and Kraaij, 2008 ) draining into Langvlei (CSIR, 1981) . According to Robarts and Allanson (1977) , runoff from these catchments was naturally oligotrophic (low nutrient concentrations), flowing predominantly over ), draining into the Touw Estuary, comprises mostly indigenous vegetation in its upper reaches with limited agricultural, forestry and urban development in its lower reaches (Robarts and Allanson 1977) . The estuary is small and shallow, and only temporarily connected to the sea (approximately 30% of the time). Naturally, the berm breached between +3.0 and +3.5 m amsl, but since the 1800s the system has been breached at much lower levels to protect low-lying developments (Fijen, 1995) . As a result, the average duration of mouth opening is shorter compared with natural, and scouring potential of sediment from the system has also been reduced (Fijen, 1995) .
The hydrodynamics of the Wilderness Estuarine Lake System are complex and have been markedly modified because of premature breaching practices (Fijen, 1995) . Surface flows through the Serpentine Channel (connecting the three lakes with the estuary) are dependent on numerous interrelated factors, including freshwater inflow from the Touw Catchment and tidal intrusion when the estuary mouth is open to the sea. Water levels in Langvlei and Rondevlei are much less responsive to exchange across the Serpentine Channel than Eilandvlei, because the channels between the three lakes are more constricted (i.e. elevated and narrow) compared with the Serpentine Channel (Fijen, 1995) . Water exchange across the Serpentine Channel occurs mostly during the closed period when connectivity is improved as a result of higher water levels (Fijen, 1995) . Because the estuary mouth is currently being breached at lower water levels, the water exchange across the Serpentine Channel, and further upstream across the channels between the lakes, has also been reduced. In addition, the water transported to the lakes via the Serpentine Channel is less saline because of a decrease in the periods that the mouth remains open to the sea. Thus, most of the existing salt content in the lakes is attributed to historical connectivity when breaching levels were higher (Fijen, 1995) . A reverse gradient in salt content now exists where the lakes furthest removed from the estuary, namely Langvlei and Rondevlei, generally having higher salinity compared to Eilandvlei, the lake closest to the estuary (Allanson and Whitfield, 1983; Russell, 2009; Russell, 2013) . Further, direct freshwater inflow into Eilandvlei (via the Duiwe catchment) and Langvlei (via the Langvleispruit), and the absence of surface runoff into Rondevlei, also contribute to this reverse salinity gradient (Fijen, 1995) .
The littoral zones of the three lakes are relatively narrow (between +2 and 0 m MSL), bordering deeper pelagic zones. Maximum bathymetry of the pelagic zones in both Eilandvlei and Langvlei is about −4 m amsl, but less in Langvlei at about −2 m amsl (CSIR, 1982) . Although surface water areas vary over time, the average areas for Eilandvlei, Langvlei and Rondevlei are estimated at 140, 200 and 100 ha, respectively (L van Niekerk, CSIR, personal observation). These littoral zones support dense beds of submerged macrophytes generally up to a water depth of 3.0 m (Allanson and Whitfield, 1983). The littoral zones of all three lakes are fringed by a narrow margin of emergent aquatic macrophytes including Phragmites australis, Typha capensis and Schoenoplectus scirpoideus (Russell, 2003 , Russell et al., 2014 . Large numbers of water birds, especially herbivorous and graminivorous Anatidae species, together with the herbivorous Red-knobbed Coot, are associated with this dense aquatic vegetation (Russell et al., 2009; Russell et al., 2014) .
Data sources and analysis
Long-term water chemistry data were obtained from South Africa's national department responsible for water (currently, the Department of Water and Sanitation; www. dwaf.gov.za/iwqs/wms/data/WMS_pri_txt.asp). The Department runs a long-term monitoring programme on the country's rivers, dams and lakes, and for the purposes of this study available data on the electrical conductivity (EC) and dissolved inorganic nutrient data in the Duiwe River and three lakes were extracted. (Fig. 1) . The spatial uniformity previously observed in biogeochemical parameters in the lakes (e.g. Russell, 2013) warranted the use of the single location measurements for the lakes. However, Russell (2013) did occasionally observe spatial variations in some biogeochemical conditions (e.g. dissolved oxygen) between the shallower littoral zones and the deeper pelagic 
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zones in the lakes, where oxygen in the littoral zone was comparatively higher due to its association with submerged macrophyte beds. Submerged aquatic plants are known to also influence nutrient dynamics in estuaries (Taljaard et al., 2009) . Therefore, while the dissolved inorganic nutrient data collected from these stations in the littoral zones can be considered representative of those zones, such data may not necessarily represent conditions in the deeper, pelagic zones where submerged macrophyte beds are usually absent, mainly due to water depth.
Data on total dissolved inorganic oxidised nitrogen (NO x -N) concentrations (reported as NO 2 -+ NO 3 -in µg·L −1 N, detection limit 25 µg·L −1 N ), total dissolved ammonia (NH 4 -N) concentrations (reported as NH 4 + in µg·L −1 N, detection limit 25 µg·L −1 N) and dissolved inorganic phosphate (PO 4 -P) concentrations (reported as PO 4 3-µg·L −1 P, detection limit 5 µg·L −1 P) were extracted for all stations over the period 1985-2015 (for the Duiwe River data was only available from the period 1998-2015). Sampling frequency was mostly on a monthly basis, but where multiple samples were collected in a given month, an average value was calculated for the month to provide time-series data at a monthly resolution. To compare long-term inter-annual trends, average annual concentrations over the study period were calculated for each location, while seasonal trends were compared using median monthly concentrations. Analyses of dissolved inorganic nutrient samples were conducted by the Department's analytical laboratories using the photometric methods as described in the methods manual of the Resource Quality Services department (DWA, 2009) .
No reliable long-term flow data for the Duiwe and Langvleispruit rivers, or volume fluxes across the Serpentine Channel, were available for this study. Long-term precipitation from a station near Rondevlei (Station K3E3, coordinates: 22.72033 E, −33.99177 S), therefore, was considered as a proxy for river runoff (Fig. 1) .
Data were analysed using Dell Statistica Version 13 (Dell Inc., 2016). The data were tested for normality using the Shapiro-Wilks test. Relationships between monthly median values for the various parameters were analysed using either the parametric correlation coefficient or the non-parametric Spearman's rank correlation depending on the normality of the data. Lastly, long-term inter-annual trends were statistically analysed for each system using linear regressions. All analyses were done at α = 0.05. Table 1 provides a summary of the long-term data sets on EC, NO x -N, NH 4 -N and PO 4 -P (mean ± SE; range) from the Duiwe River (draining into Eilandvlei), as well as the littoral zones of Eilandvlei, Langvlei and Rondevlei.
RESULTS AND DISCUSSION
Comparing the data from the Duiwe River with that of the three lakes, average EC levels in the river were an order of magnitude lower compared with levels in the lakes (Table 1) . The higher EC levels in the lakes are indicative of connectivity to the sea via the Serpentine Channel (Russell 2009; 2013) . While average NH 4 -N concentrations in the Duiwe River were lower compared with concentrations in the lakes, average NO x -N concentrations showed the contrary, i.e., concentrations in the river were higher compared with the three lakes. Average PO 4 -P concentrations in the river were comparable with those in Eilandvlei and Langvlei, but concentrations in Rondevlei were higher compared with those in the river and in the other two lakes.
Across-lake comparisons show that average EC levels in the littoral zones of the three lakes increased incrementally moving from Eilandvlei to Langvlei and into Rondevlei, echoing the reverse salinity gradient explained in previous studies (e.g. Allanson and Whitfield, 1983; Russell, 2009; Russell, 2013) . Eilandvlei and Rondevlei displayed similar average NH 4 -N levels (164 and 176 µg·L −1 N, respectively) but in Rondevlei concentrations were double (324 µg·L −1 N). This pattern was also evident in average PO 4 -P concentrations, where levels in Eilandvlei and Rondevlei were similar (39 and 48 µg·L −1 N, respectively), with concentrations in Rondevlei being much higher (137 µg·L −1 N). A similar pattern emerged in average NO x -N concentrations, but was not as profound as for NH 4 -N and PO 4 -P.
Building on this general overview of the historical data set, the more detailed analysis of the inter-annual and seasonal patterns in and across the three individual lakes follows. Major influencing factors either derived from the external catchment sources or in-situ processes (e.g. remineralisation) are postulated drawing on other studies. 
Inter-annual variability
Average inter-annual NO x -N concentrations remained relatively low across the littoral zones in all three lakes during the period 1985 to 2015, mostly near detection limit (25 µg·L −1 N) (Fig. 2) . Inter-annual variations in both NH 4 -N and PO 4 -P concentrations varied greatly in, and across, the three lakes. Average annual concentrations of these did not show any consistent trends over the study period (P > 0.05). Although, during the period 1997 to 2004, NH 4 -N concentrations in all three lakes were more stable and lower, often near detection limit (25 µg·L −1 N). Interestingly, average annual electrical conductivity (EC) levels in the littoral zones of all three lakes revealed inter-annual oscillations, peaking approximately every 10 years (as indicated by the arrows in Fig. 2 ), but did not match any of the dissolved inorganic nutrient distribution patterns. The relative similarity in inter-annual oscillation was strongest between the adjacent lakes Rondevlei and Langvlei (n = 29; r = 0.72; P < 0.05) and, to a lesser extent, between adjacent lakes Langvlei and Eilandvlei (n = 30; r = 0.43; P < 0.05), but did not match between the two end lakes (i.e. Eilandvlei and Rondevlei ~ P > 0.05). These inter-annual oscillations could not be explained by total annual precipitation (Fig. 3) , which suggested a much more complex interaction (Reason and Rouault, 2002) . This frequency tends to coincide with the 10-year cycle apparent in the inter-annual oscillation in EC, but no conclusive correlations can be assumed without further, more detailed analyses. To establish the potential influence from external catchment sources, dissolved inorganic nutrient data from the Duiwe River were analysed (Fig. 3) . The Duiwe River was naturally oligotrophic (Robarts and Allanson, 1977) , so extensive agriculture in the catchment (e.g. over-fertilization) is considered the most likely source of elevated PO 4 -P, and especially NO x -N in river inflow (e.g. García-Garizábal and Causapé, 2006) . Inter-annual patterns in PO 4 -P displayed a positive correlation with NO x -N (n = 18; r = 0.57; P < 0.05), suggesting some proportionality in the contribution from anthropogenic sources in the catchment.
Figure 2 Average (± SE) annual EC, and NH 4 -N, NO x -N and PO 4 -P concentrations
Comparing the average annual dissolved inorganic nutrient patterns of the three lakes ( Fig. 2) with that of the Duiwe River (Fig. 3) , there are no clear inter-annual relationships, not even in Eilandvlei (into which the Duiwe River drains). This suggests that external catchment fluxes may not be the dominant, direct drivers of average annual dissolved inorganic nutrient patterns in the lake littoral zones. This is expected, considering the relatively small catchment sizes of the rivers in comparison to the large size of the lakes into which they drain. However, an earlier study did show that a large flood event introduced a significant pulse of dissolved inorganic nutrients (i.e. NO x -N and PO 4 -P) into the lakes (Allanson and Whitfield, 1984) , although the observed effect on lake nutrient levels was short-lived, possibly as a result of rapid uptake by aquatic plants (Quiros, 2003) . The temporal scale of the long-term data sets (e.g. monthly data average over a year) therefore, may not be refined enough to record these types
Figure 3
Average (± SE) annual NH 4 -N, NO x -N and PO 4 -P concentrations (1998-2015) in the Duiwe River (Station K3H11)
Figure 4
Average (+ SE) annual NO x :NH 4 ratios measured in Eilandvlei, Langvlei and Rondevlei (1985-2015) 
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of pulsed events, and thus may under-represent the influence of the catchment (i.e. external sources) on nutrient processes in the lakes. Secondary processes, for example, where seasonal catchment fluxes are taken up by the fringing, aquatic vegetation which then enters the organic matter pool in the littoral zone to fuel remineralisation, may also be relevant. The non-correlation between river and lake dissolved inorganic nutrient patterns are reflected in their different average annual NO x :NH 4 ratios (Fig. 4) . For the Duiwe River, ratios were mostly above 1 (i.e. dissolved inorganic N is dominated by NO x -N) while those in the lakes were mostly below 1 (i.e. dissolved inorganic N is dominated by NH 4 -N). The ratios in the Duiwe River were primarily determined by variation in NO 3 -N concentrations (Fig. 3) , peaking between the late 1990s to early 2000s (8-10), dropping to the lowest ratio in 2009 (~1), but then increasing again towards 2015 (7.5). However, ratios in the lakes were mostly influenced by variation in NH 4 -N concentrations, where the drop in concentrations between 1997 to 2004 (Fig. 2) resulted in highest NO x :NH 4 ratios (> 1) in the lakes.
Although not evident in average annual patterns, external catchment fluxes may well affect dissolved inorganic nutrient patterns in the lakes, for example, during flood events or through secondary mechanisms, as such fuelling the growth of fringing vegetation which then enters the littoral zone's organic matter pool (in turn fuelling in-situ remineralisation). Thus, the dissolved inorganic nutrient dynamics of these lakes are more complex, involving both external catchment sources (Fraterrigo and Downing, 2008; Poe et al., 2003; Casalí et al., 2008) , but also in-situ processes (e.g. primary production, decomposition, remineralisation and excretion from large bird populations) (Dagg et al., 2004; Eyre, 1994; Eyre and Balls, 1999; Lemley et al., 2014; Roy et al., 2001) , possible dissolved inorganic nutrient fluxes across the Serpentine Channel (e.g. influenced by connectivity to the sea), as well as potential anthropogenic sources within the floodplain (e.g. sewage seepage from lowlying development). The relatively low NO x :NH 4 ratios observed in the lakes support the stronger influence of in-situ processes in the littoral zones, where ratios below 1 indicate NH 4 -N accumulation (mostly generated through in-situ bacteriological processes) in respect to NO 3 -N (i.e. mostly introduced from external sources), as was observed in other lake type systems with low flushing rates (Quiros, 2003) .
Seasonal trends
Across all lakes, seasonal NO x -N concentrations in the littoral zones also remained low across all seasons, mostly near detection limit (25 µg·L −1 N) (Fig. 5) . NH 4 -N concentrations showed a tendency to peak over the period May to July (late-autumn into winter), especially in Rondevlei. In Rondevlei, this pattern was also evident for PO 4 -P, but not in the other two lakes where PO 4 -P concentrations remained uniform throughout the year. In fact, the seasonal patterns in Rondevlei between NH 4 -N
Figure 5
Median seasonal concentrations (based on median monthly data for the period 1985 to 2015) for EC, 
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and PO 4 -P showed a positive correlation (n = 12; r = −0.61; P < 0.05), indicating that the in-situ source in Rondevlei contributed relatively proportionally to NH 4 -N and PO 4 -P concentrations in the littoral zone, in contrast to the sources in Eilandvlei and Langvlei (where seasonal increases in NH 4 -N were disproportional to PO 4 -P which remained relatively uniform). The disproportionality between NH 4 -N and PO 4 -P in Eilandvlei and Langvlei reflect similar patterns observed in the littoral zones of Canadian lake systems, where bacterial remineralisation of organic matter (deposited on the surface sediment) was the major in-situ source of dissolved inorganic NH 4 -N, but not for PO 4 -P because the latter was more effectively retained at the sediment surface by other processes (Levine and Schindler, 1992) . In the case of Rondevlei there is no significant relationship between seasonal precipitation (Fig. 5 ) and NH 4 -N and PO 4 -P that would suggest external fluxes from adjacent catchments or rainfall as the source. An alternative explanation is that the sampling location in Rondevlei may be influenced by different in-situ sources, such as a sewage disposal system of a low-lying development or a large bird roosting area, both known to occur here. These sources are known to increase N and P in water bodies (e.g. Chen, 1988; Hahn et al., 2007; Hahn et al., 2008) , releasing dissolved inorganic nutrients directly into the water column which could explain the relative proportionality of PO 4 -P and NH 4 -N at this location. However, this hypothesis needs to be confirmed through a more thorough sampling programme. Seasonality in dissolved inorganic nutrient patterns of the Duiwe River was also analysed (Fig. 6) . Seasonal NH 4 -N concentrations in the river remained relatively low with no apparent seasonal patterns. Although both NO x -N and PO 4 -P concentrations increased during autumn (March/ April), only NO x -N continued to increase into winter, peaking in late winter (August). This is most likely indicative of the different ways in which N and P is mobilised from or retained in catchment soils (e.g. Levine and Schindler, 1992) . Again, the non-correlation between seasonal dissolved inorganic nutrient concentrations in the Duiwe River (Fig. 6) and precipitation ( Fig. 5 ) must be interpreted with caution as precipitation may not be a suitable proxy for river flow rates in this particular catchment as many other factors could influence transport capacity (e.g. García Garizábal and Causapé, 2006; Fraterrigo and Downing, 2008) .
Reflecting on the seasonal patterns in dissolved inorganic nutrients of the three lakes (Fig. 5) and that of the Duiwe River (Fig. 6 ), no clear, comparable seasonal trends are evident. Seasonal variation in NO x :NH 4 ratios of the Duiwe River and three lakes also reflects this disconnect (Fig. 7) . NO x :NH 4 ratios in the Duiwe River were highest during autumn/winter, matching the period of elevated NO x -N concentrations in river inflow (Fig. 6) . In the lakes, the lowest NO x :NH 4 ratios were evident during this period (winter) because NH 4 concentrations peaked (Fig. 5) , especially in Rondevlei where ratios decreased to ~0.1.
Seasonal results support observed patterns in the interannual analyses in that external catchment fluxes are most likely not the sole, or even the dominant, driver of seasonal dissolved inorganic nutrient patterns in the littoral zones of the lakes, with findings rather suggesting in-situ processes (e.g. remineralisation) as most significant, although influences from catchment fluxes during flood events, or through secondary mechanisms (e.g. fuelling growth of fringing aquatic vegetation which enters the littoral zone's organic matter pool, in turn fuelling remineralisation), cannot be ignored.
CONCLUSION
This study expands research on dissolved inorganic nutrient dynamics in the littoral zones of estuarine lake systems, and potential influencing factors, using the Wilderness Lake System as a case study. NH 4 -N concentrations in (external) catchment inflow (e.g. Duiwe River) remained relatively low. Inter-annual patterns of PO 4 -P in river inflow displayed a positive relationship with NO x -N concentrations, suggesting some proportionality in the contribution from sources in the catchment. The relatively high NO x :NH 4 ratios confirmed the dominant influence of NO 3 enrichment from Langvlei and Rondevlei (1985−2015) 
as well as in the Duiwe
River (1998−2015) http://dx. 
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agricultural activities (e.g. over-fertilization) (Fraterrigo and Downing, 2008; Casalí et al., 2008) . In all three lakes NO 3 -N concentrations remained low, while inter-annual variations in both NH 4 -N and PO 4 varied greatly in and across the lakes, with no clear inter-annual trends. Relatively low NO x :NH 4 ratios (mostly less than 1) in the lakes (especially in Eilandvlei and Langvlei) indicated a stronger influence of in-situ bacteriological processes, similar to observations in other lake type systems with low flushing rates (Quiros, 2003) . The positive correlation in Rondevlei between NH 4 -N and PO 4 -P was indicative of a relatively proportional input from source/s in this lake compared with input from source/s in Eilandvlei and Langvlei (where seasonal increases in NH 4 -N were disproportional to PO 4 -P). The disproportionality between NH 4 -N and PO 4 -P in Eilandvlei and Langvlei reflect similar patterns observed in the littoral zones of Canadian lake systems, where in-situ bacterial remineralisation of organic matter was found to be a major source of dissolved inorganic NH 4 , but not for PO 4 -P because the latter was more effectively retained at the sediment surface by other processes (Levine and Schindler, 1992) . The situation in Rondevlei, however, speaks to the contribution of potentially different in-situ sources such as a sewage disposal system of the low-lying development or large bird roosting areas.
Comparison of inter-annual and seasonal trends in dissolved inorganic nutrients (NO x -N, NH 4 -N and PO 4 -P) in river inflow and the three lakes indicates that external catchment fluxes are most likely not the sole, or even the dominant, driver of average long-term or seasonal dissolved inorganic nutrient patterns in the lake littoral zones. This can be expected in a way, considering the relatively small catchment sizes of the rivers in comparison to the large size of the lakes into which they drain. However, the influence of catchment fluxes during flood events (Allanson and Whitfield, 1984) , or through secondary mechanisms where catchment-derived dissolved inorganic nutrients are taken up by the fringing, aquatic vegetation and then enter the organic pool in the littoral zone to fuel remineralisation (Gessner, 2000; HowardWilliams and Allanson, 1981) , can still be significant.
Understanding these more subtle influences of external catchment fluxes (e.g., through flood events or a secondary mechanism of fuelling growth of fringing vegetation) is critical, especially in aquatic ecosystems characterised by weak flushing potential, such as lakes. As a result of weak flushing these systems tend to accumulate organic matter. Over time a situation may arise where dissolved inorganic nutrients and organic matter that incrementally enter the lakes (e.g. during flood events, or through continuous die-back of vegetation), often aggravated by inappropriate management of catchment activities (e.g. over-fertilisation or wastewater disposal), exceed the system's assimilative ability. The consequence, especially in weakly flushed systems, is an increase in-situ remineralisation rates, causing elevated NH 4 -N concentrations and a marked decrease in NO x :NH 4 ratios. Low NO 3 :NH 4 ratios are known to stimulate cyanobacteria, having the metabolic ability to potentially produce microcystins (e.g. Harris et al., 2016) . Already the Wilderness Estuarine Lake System has experienced sporadic nuisance algal blooms (Russell, 2013) , at times accompanied by mortality in fish (e.g. Russell, 1994) . Preliminary investigations on Lake Sibaya and Kosi Bay -large lake systems along South Africa's east coast -also showed signs of relatively low NO x :NH 4 ratios similar to that observed in the Wilderness (Taljaard, CSIR, unpublished data). Therefore, further studies on these estuarine lake systems with low flushing potential are required to better understand and quantify the subtle and complex processes influencing their nutrient dynamics. This is necessary to inform water resource management, both in the catchments and within the floodplains, so that incremental enrichment ultimately does not exceed critical limits causing them to tip into eutrophic, possibly toxic, aquatic systems in the future that will be difficult, if not impossible, to reverse.
